1. Introduction {#s0005}
===============

Protein/peptide drugs usually have high specificity and high activity with low dosage. The microparticles or microspheres are designed to deliver proteins for enhanced absorption and bioavailability with modified release[@bib1], [@bib2]. With the progress of science and technology, the development of microparticles gradually moves towards accurate control of their structures[@bib3], [@bib4].

There are many parameters to the release kinetics of proteins from microspheres, *e.g.*, polymer nature, morphology, structures and drug distribution, to which drug distribution in microspheres is essential[@bib5]. A well investigated distribution of drug in a single microsphere will help deepen the knowledge in design and optimization for the formulation and performance of microspheres. Recent research has studied the relationship of particle structure and drug release from single pellets using synchrotron radiation X-ray computed microtomography (SR-μCT) combined with a sensitive liquid chromatography--tandem mass spectrometry (LC/MS/MS) method. It was found that the dissolution rate of the individual particles correlated with the combined influences of drug loading, volume and surface area of the pellets, and the void microstructures within the pellet was critical during drug release[@bib6].

At present, the characterization methods for the structures of microspheres are conventional light microscopy (LM)[@bib7], scanning electron microscopy (SEM)[@bib8], traditional infrared spectroscopy and confocal laser scanning microscopy (CLSM)[@bib9], [@bib10], [@bib11], [@bib12], [@bib13]. LM is capable of determining the shape and size of particles, but this method is impeded by the scattering or emission of light from structures outside the optical focal plane, which reduces the quality of the images. For microspheres prepared with materials with low transmittance or opacity, only their morphology and outer structures can be observed. SEM can provide extremely high spatial resolution, but the penetration ability is not strong. It usually requires a relatively complex sample pre-treatment and it is unable visualize the distribution of materials within the microspheres[@bib14]. To identify and localize the encapsulated drug or the distribution of the involved polymers is essential for the characterization of the microspheres. Traditional infrared spectroscopy cannot reflect the differences in the composition and distribution of the objects even though it can identify the components of the microspheres, but the component measured by traditional infrared spectroscopy is the average composition of the samples, as the microspheres are very small. In addition, the distribution of each component in the microspheres is affected by the pH of medium and other environmental factors. CLSM has already been used in the evaluation and characterization of solid pharmaceutical formulations, including the release kinetics of the entrapped drugs[@bib9], [@bib10], localization of the oil phase[@bib11], characterization of the entrapped phase and polymer structures on the surface[@bib12] and the examination of the permeability of microparticles by using fluorescein-containing aqueous media[@bib13]. CLSM permits the identification of several compounds through the use of different fluorescence labels, but the labeling process is cumbersome.

Synchrotron radiation based on Fourier-transform infrared spectromicroscopy (SR-FTIR) can analyze samples at the micron level or micro-sample areas[@bib15], [@bib16]. SR-FTIR has been employed in the characterization of structure and function of stain-free and label-free samples. As a non-destructive approach, SR-FTIR microscopy can keep the crystal structure and morphology of the samples with advantages of synchrotron light brightness (which is usually 100--1000 times brighter than a conventional globar source and has a small effective source size), and is capable of exploring the molecular chemistry within the microstructures of samples with a high signal-to-noise ratio (S/N) at ultraspatial resolutions[@bib17]. This technique is able to provide information including the quantity, composition, structure and distribution of chemical constituents and functional groups in samples and extract more detailed structural information. The technique has recently been utilized to monitor the changing chemistry in a single living cell[@bib18] and *in vitro* for cell uptake studies of drugs[@bib19] by quantitative analysis of the protein, nucleic acid and phospholipid components[@bib20], [@bib21].

In this report we have developed a mathematical post-test data processing procedure to overcome the difficulties in mapping and analyzing globularly structured microspheres and demonstrate its value by measurement of the distribution of Exenatide and PLGA in the microspheres *via* SR-FTIR.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Exenatide was a kind gift from Jilin University (China). PLGA (LA/GA=75:25) was purchased from Lakeshore Biomaterials (USA). All other chemicals were of analytical grade.

The microspheres were prepared using the W/O/W emulsion-solvent evaporation technique[@bib22]. Briefly, the Exenatide aqueous solution was added into 0.9 mL dichloromethane solution under stirring with a homogenizer at 5000 rpm to prepare a water-in-oil primary emulsion. This emulsion was added to 10 mL of water containing 1% (*w*/*w*) polyvinyl alcohol (PVA) and 5% (*w*/*w*) sodium chloride under stirring at 1000 rpm for 2 min. Finally, the solidified microspheres were washed three times using distilled water and then freeze-dried before storage. The diameters of microsphere were about 50 μm.

2.2. SR-FTIR spectromicroscopy {#s0020}
------------------------------

Synchrotron radiation from a bending magnet was collected, collimated and transported to a commercial FTIR interferometer bench. After modulation by the interferometer, a commercial infrared microscope focused the beam onto the sample using all-reflecting optics. The sample was placed on the sample stage and the sample stage position was controlled by a computer. The reflected light from the sample was collected by the microscope optics and sent to an IR detector. A computer performed a Fourier transform on the measured interferogram to obtain an infrared spectrum for each sample location[@bib23]. To characterize the distribution of each composition in the microspheres, SR-FTIR spectromicroscopy was performed with the BL01B beam line at SSRF[@bib24] (Shanghai Synchrotron Radiation Facility). Spectra were recorded on a Nicolet Continuμm XL microscope (Thermo Fisher Scientific) equipped with a 250×250 μm^2^ liquid nitrogen cooled MCT/A detector, a 32X/NA0.65 Schwarzschild objective, a motorized knife-edge aperture, and a Prior XYZ motorized stage and coupled with Nicolet 6700 spectrometer (Thermo Fisher) equipped with a Michelson interferometer. Spectra of Exenatide and PLGA were recorded in transmission mode between 650 cm^−1^ and 4000 cm^−1^, with 128 scans at 8 cm^−1^ resolution, 10 μm×10 μm aperture dimension on the BaF~2~ substrate. At least three microspheres were mapped in transmission mode between 650 cm^−1^ and 4000 cm^−1^, with 64 scans at 8 cm^−1^ resolution, 10 μm×10 μm aperture dimension and 5 μm×5 μm step size. The background was collected through a blank substrate.

2.3. Data and image processing {#s0025}
------------------------------

With the Ominic software (Thermo Fisher), chemical maps were created and analyzed after baseline corrections were applied to each spectrum. The following spectral bands were measured: PLGA, 1770--1740 cm^−1^ (C=O bond); Exenatide, 1670--1625 cm^−1^ (amide bands). Further analysis of the maps has been carried out with Matlab 2012a. The two dimensional (2D) matrix at a specific wavenumber was extracted from the map file. For accuracy a bilinear interpolation algorithm was applied. The outline of the microspheres was specified based on a contour line and fitted with a model sphere to determine the center coordinates, yielding the radius of the optical path of each point. Then the absorbance value at each point was normalized by the optical path. For investigation of the relative distribution of Exenatide compared to PLGA, the image at specific wavenumber of Exenatide was divided by that of PLGA.

3. Results and discussion {#s0030}
=========================

3.1. Specific band analysis {#s0035}
---------------------------

Using IR microspectroscopy to probe Exenatide distribution in the microsphere, the spectra of Exenatide and matrix PLGA were analyzed for the determination of unique features by which the two components could be distinguished. The PLGA particle is very large for direct spectra analysis, and it is also difficult to grind. When collecting the spectra of PLGA, the PLGA was dissolved in acetone first, and 2 μL of solution was dropped on the BaF~2~ substrate for drying. The spectra of Exenatide were collected also with the same treatment. [Fig. 1](#f0005){ref-type="fig"} illustrates the FTIR microspectra of (a) Exenatide, (b) PLGA and (c) a single microsphere. The IR spectrum of Exenatide is dominated by the amide I and amide II bands, centered at 1656 and 1545 cm^−1^, respectively. The amide I band is due to the stretching vibrations of the C=O bond in the backbone of the protein. The amide II band arises from a combination of C--N stretching and N--H bending vibrations of the protein backbone[@bib25]. For the microsphere matrix, C=O bond of PLGA absorbed at 1750 cm^−1^, which is different from the absorbance features of Exenatide. The absorption at 1450, 1380, 1270 and 1190 cm^−1^ is attributed to CH~2~ and CH~3~ wagging and deformation of PLGA. It is important to note that the specific bands of both PLGA and Exenatide can be identified from the absorbance spectra of the microsphere without significant interference between each other.

3.2. Analysis of the mapping image {#s0040}
----------------------------------

Microspheres composed mainly of Exenatide and PLGA were analyzed in this paper. On the basis of the different spectrums between Exenatide and the microsphere matrix map, the distribution of protein in the microsphere was determined. The peaks at 1750 cm^−1^ (PLGA carbonyl ester bond absorption), 1656 cm^−1^ (amide I) and 1545 cm^−1^ (amide II) were selected to generate the chemical imaging which can reflect the intensity distribution of the different compositions in 2D space. [Fig. 2](#f0010){ref-type="fig"} shows a 2D image of standard sphere model in which the material distribution is uniform. As the sample is spherical, the optical path of the light through microsphere is different from point to point as shown in [Fig. 2](#f0010){ref-type="fig"}A, so the apparent observed distribution of a homogeneous in microsphere that directly read from the map is shown in [Fig. 2](#f0010){ref-type="fig"}B.

### 3.2.1. Analysis of chemical maps {#s0045}

The microspheres mounted on a BaF~2~ substrate were mapped using SR-FTIR and the local SR-FTIR spectra were recorded at the single microsphere level. Chemical maps at the single microsphere level were generated by measuring and plotting the intensity of a specific band for Exenatide (amide I, amide II) and PLGA (carbonyl ester bond). Maps were plotted using the absorption spectra (maximum absorption is represented in red, and minimum absorption is represented in blue). [Fig. 3](#f0015){ref-type="fig"} shows the images of three different microspheres. The maximal intensities of amide bond and PLGA plot allowed us to recognize the distribution of Exenatide and PLGA.

[Fig. 3](#f0015){ref-type="fig"}B and C demonstrates chemical imaging for the presence of PLGA. These particles have strong absorption and high uniformity in the center of the microspheres. Compared with [Fig. 2](#f0010){ref-type="fig"}B, the distribution of PLGA is highly similar, indicating that the distribution of PLGA in the microspheres is quite uniform. For the chemical imaging of Exenatide ([Fig. 3](#f0015){ref-type="fig"}D and E), the absorption intensity is different from that of the PLGA. Furthermore, the nonuniform image density demonstrates that the distribution of Exenatide is not uniform throughout this microsphere. The distribution of PLGA in the different microspheres (MS1--MS3) is similar, and all are relative uniform. However, the distribution of Exenatide in different microspheres (MS1--MS3) shows significant differences. The absorption intensity of Exenatide in different microspheres (MS1--MS3) is also different due to the different amounts of protein content in different microspheres.

### 3.2.2. Optical path normalization {#s0050}

Compared with the standard microsphere, it is reasonable to suppose that the distribution of PLGA in the microspheres relatively uniform. In order to understand the distribution of Exenatide and PLGA further, we normalized the optical path of the maps at PLGA-specific bonds to reduce the distortion introduced by the 3D shape of the microspheres. First, the microsphere was considered as a model sphere. Then, the absorbance value of each point was divided by the optical path. The value of the normalized optical path represented the substance content at each pixel area. The values that are same indicated uniform distribution. The values that are not consistent represented uneven distribution. [Fig. 4](#f0020){ref-type="fig"} shows the images of optical path normalization of different microspheres. In this study, the maps were collected with 10 μm×10 μm aperture dimension and 5 μm step size. The absorbance intensity at the area of 5 μm×5 μm actually scanned with a beam as 10 μm×10 μm. As the edge area was smaller than the aperture, the absorbance intensity for the part outside of the edge was gradually increased, while the part inside of the edge was decreased. Therefore, the normalized intensity of PLGA at the margin area was lower than that of the centric area. The size and the morphology could dramatically alter the infrared spectra[@bib26], [@bib27]. The absorption close to the edge was distorted by Mie-type scattering, which resulted in weak absorption for the edge region of the microsphere. For the normalized image at peaks of 1750 and 1450 cm^−1^ ([Fig. 4](#f0020){ref-type="fig"}A and B), the relatively weak absorption in the center indicated that the microsphere was internally porous.

### 3.2.3. Distribution of relative intensity ratios {#s0055}

SR-FTIR microspectroscopy allows us to generate 2D chemical images by acquiring infrared spectra at each pixel of the desired map. Thus, by monitoring the relative intensity ratios of amide bonds (1650 and 1540 cm^−1^) to ester bond (1750 cm^−1^) of PLGA, we can describe the samples in terms of relative protein distribution. The distribution of ester bond/amide band relative intensity ratios calculated for SR-FTIR is shown as a map in [Fig. 5](#f0025){ref-type="fig"}. The red and the blue represent relatively strong and weak regions, respectively. The relative intensity is more consistent in the MS2 and MS3 compared with MS1. We conclude that the distribution of Exenatide in the microspheres (MS2 and MS3) is largely uniform. For MS1, as the intensity ratio is weak in the center and not uniform, we conclude that the distribution of Exenatide is nonuniform. As indicated from the results of image relative intensity ratios, Exenatide has greater variation in distribution in microspheres.

4. Conclusions {#s0060}
==============

In this study a visualization method for the distribution and localization of protein/peptide and excipient components within single microsphere using SR-FTIR was established. The representative infrared wavenumbers for protein/peptide and excipient were identified. The results from SR-FTIR showed that the absorbance spectra of Exenatide at 1656 and 1545 cm^−1^ from the amide I and amide II bonds differed from the PLGA spectrum at 1750 cm^−1^ due to the C=O bond. The chemical maps at the single microsphere level were generated by measuring and plotting the intensity of specific bands for Exenatide (amide I and amide II) and PLGA (C=O bond). After map analysis and point-by-point optical path normalization, we concluded that the distribution of PLGA was uniform, while the distribution of Exenatide was nonuniform within microspheres. In conclusion, as a nondestructive and sensitive detection technology, SR-FTIR provides the chemical distribution of constituents based on the functional group distribution in the samples. A new procedure was developed to process the data and make it accurate and readable. The study of optical path normalization has demonstrated that the error caused by the shape of particles cannot be ignored. This study has introduced the relative intensity ratio as a new index to provide the chemical distribution after SR-FTIR mapping test.
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![SR-FTIR of (a) Exenatide, (b) PLGA and (c) single microsphere.](gr1){#f0005}

![2D image of standard sphere. (A) Optical path length and optical path curve; (B) the uniform material distribution in a sphere read as nonuniform 2D image by SR-FTIR mapping; (C) the uniform distribution intensity of a typical homogeneous sphere was recovered after being normalized with the length of optical path.](gr2){#f0010}

![Chemical imaging using SR-FTIR of three single microspheres (MS1--MS3). The red boxes indicate the area imaged by the IR microscope. (A) Light microscope images of PLGA microspheres; (B--E) chemical imaging for the presence of PLGA (carbonyl ester bond), PLGA (CH~2~ wagging), proteins (amide I) and proteins (amide II) are shown in the single microsphere.](gr3){#f0015}

![Optical path normalized image of different microspheres (MS1--MS3). (A) Carbonyl ester bond at 1750 cm^−1^ of PLGA; (B) CH~2~ wagging at 1450 cm^−1^ of PLGA; (C) amide I bond at 1656 cm^−1^; (D) amide II bond at 1545 cm^−1^.](gr4){#f0020}

![Spectral images constructed using the relative ratio of amid I bond/carbonyl ester bond of PLGA (A), amide II bond/carbonyl ester bond of PLGA (B), amid I bond/CH~2~ wagging of PLGA (C), amide II bond/CH2 wagging of PLGA (D) in different microspheres.](gr5){#f0025}
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